Sexual receptivity in the female rat is dependent on dose and duration of estradiol exposure. A 2 g dose of estradiol benzoate (EB) primes reproductive behavior circuits without facilitating lordosis. However, 50 g EB facilitates lordosis after 48 hours. Both EB doses activate membrane estrogen receptor-␣ (mER␣) that complexes with and signals through metabotropic glutamate receptor-1a (mGluR1a). This mER␣-mGluR1a signaling activates a multisynaptic lordosis-inhibiting circuit in the arcuate nucleus (ARH) that releases ␤-endorphin in the medial preoptic nucleus (MPN), activating -opioid receptors (MOP). MPN MOP activation is maintained, inhibiting lordosis for 48 hours by 2 g EB, whereas 50 g EB at 48 hours deactivates MPN MOP, facilitating lordosis. We hypothesized that 50 g EB down-regulates ER␣ and mER␣-mGluR1a complexes in the ARH to remove mER␣-mGluR1a signaling. In experiment I, 48 hours after 2 g or 50 g EB, the number of ARH ER␣-immunopositive cells was reduced compared with controls. In experiment II, compared with oil controls, total ARH ER␣ protein was decreased 48 hours after 50 g EB, but the 2 g dose was not. These results indicate that both EB doses reduced the total number of cells expressing ER␣, but 2 g EB may have maintained or increased ER␣ expressed per cell, whereas 50 g EB appeared to reduce total ER␣ per cell. In experiment III, coimmunoprecipitation and Western blot revealed that total mER␣ and coimmunoprecipitated mER␣ with mGluR1a were greater 48 hours after 2 g EB treatment vs rats receiving 50 g EB. These results indicate 2 g EB maintains but 50 g EB down-regulates mER␣-mGluR1a to regulate the lordosis circuit activity. (Endocrinology 154: 3251-3260, 2013) S exual receptivity (lordosis) in the rat is dependent on temporal integration of multiple estrogen receptor (ER) signaling pathways in neurocircuits that measure the dose and duration of estradiol exposure. A physiological dose of estradiol benzoate (EB; 2 g) primes reproductive behavior circuits, but without subsequent progesterone does not facilitate lordosis (1). However, a larger EB dose (5-50 g) facilitates lordosis after 48 hours (2, 3). In both cases, estradiol signaling through ER␣ is essential for reproductive behavior (4 -8).
S
exual receptivity (lordosis) in the rat is dependent on temporal integration of multiple estrogen receptor (ER) signaling pathways in neurocircuits that measure the dose and duration of estradiol exposure. A physiological dose of estradiol benzoate (EB; 2 g) primes reproductive behavior circuits, but without subsequent progesterone does not facilitate lordosis (1) . However, a larger EB dose (5-50 g) facilitates lordosis after 48 hours (2, 3) . In both cases, estradiol signaling through ER␣ is essential for reproductive behavior (4 -8) .
Although ER␣ is a classical transcription factor (9 -14) , recent studies have demonstrated that ER␣ is selectively palmitoylated and trafficked by site-specific caveolin proteins to the plasma membrane (mER␣) and complex with and signal through metabotropic glutamate receptors (mGluR) (7, (15) (16) (17) (18) . In our model lordosis neurocircuit, estradiol rapidly signals through mER␣ complexed with mGluR1a that activates a multisynaptic circuit originating in the arcuate nucleus (ARH) (7, 19) . This mER␣-mGluR1a signaling induces proopiomelanocortin neu-rons to release ␤-endorphin into the medial preoptic nucleus (MPN). MPN -opioid receptors (MOP) are activated and internalized, inhibiting lordosis (20) . Initially, both 2 g and 50 g EB activate this inhibitory circuit, activating MPN MOP and inhibiting lordosis (1, 20) . The priming dose of estradiol (2 g EB) maintains MPN MOP activation and inhibits lordosis for 48 hours (2) . In contrast, a 50 g EB dose activates this circuit for at least 24 hours, and then by 48 hours MPN MOP are deactivated and lordosis is facilitated (2, 20) . Antagonizing mGluR1a at the time of estradiol treatment blocks estradiol-induced sexual receptivity and MOP activation, indicating that mGluR1a signaling is necessary for estradiol-only facilitation of lordosis (7) . Furthermore, antagonism of ER␣ with selective ER modulators (tamoxifen or ICI 182,780) 44 hours after 2 g EB priming facilitates lordosis 4 hours later and decreases MOP activation (3) .
These results suggest that ER␣ antagonism blocks mER␣-mGluR1a signaling and removes the excitatory input to the ␤-endorphin neuron to reduce MOP activation. Because extended exposure to high doses of estradiol facilitates lordosis and down-regulates ER␣ in the hypothalamus (21, 22) , we hypothesized that estradiol dose modulates trafficking of ER␣ to the membrane and the higher EB dose that facilitates lordosis and deactivates MPN MOP 48 hours after treatment does so through the downregulation of ARH mER␣-mGluR1a complexes and that 2 g EB maintains ARH mER␣-mGluR1a levels as a mechanism to maintain MOP activation and inhibition of lordosis. We also investigated whether these estradiol treatments differentially regulate nuclear and membrane ER␣ levels in the ARH.
Materials and Methods

General experimental design
Experiments I and II
Experiments I and II tested the hypothesis that down-regulation of ER␣ expression is dose dependently regulated by estradiol in the ARH, the remaining region of the hypothalamus within the block (HYP), and the amygdala. Ovariectomized rats were treated with oil, 2 g EB, or 50 g EB, and 48 hours later brains were collected to measure either the number of neurons that express ER␣ by counting ER␣-immunopositive cells (experiment I) or to measure total ER␣ protein levels by Western blot analysis (experiment II).
Experiment III
Estradiol has been shown to regulate the trafficking of mER␣ in vitro (23) . We tested the hypothesis that levels of mER␣ and mER␣-mGluR1a complexes are regulated dose dependently by estradiol. Ovariectomized rats received oil, 2 g EB, or 50 g EB, and 48 hours later brains were collected and block dissected. Plasma membrane fractions were extracted and mER␣ and mGluR1a levels were determined by Western blot, and coimmunoprecipitation for mER␣-mGluR1a complexes were performed and levels were measured by Western blot.
Animals. Adult Long-Evans rats (weighing 200 -225 g) ovariectomized by the supplier (Charles River Laboratory Inc, Wilmington, Massachusetts) were used in all experiments. Animals were housed 2 females per cage and provided food and water ad libitum. All procedures for the experiments were reviewed and approved by the California State University, Long Beach, Institutional Animal Care and Use Committee.
Steroid treatment. One week after arrival, animals were given sc injections of safflower oil (oil group) or 2 g EB once every 4 days or 50 g EB once a week for 3 cycles (Sigma-Aldrich, St Louis, Missouri). The EB was dissolved in safflower oil so that the injection volume was 0.1 mL. Tissue collection procedures for each experiment were performed 48 hours after the third treatment.
Experiment I
Tissue collection
Animals were deeply anesthetized with isoflurane and transcardially perfused using cold 0.9% saline solution, followed by 4% paraformaldehyde in Sorensen's phosphate buffer (pH 7.4). Brains were postfixed and stored at 4°C overnight in the 4% paraformaldehyde. The brains were then transferred to 20% sucrose dissolved in a 0.1 M phosphate buffer solution (pH 7.5) for cryoprotection (24) .
The brains were blocked and sectioned (20 m) on a cryostat and then placed in a chamber filled with PBS (pH 7.5). The sections were collected using a paintbrush and placed in 24-well plates containing PBS. Each well contained 4 serial sections. The tissues were rinsed in chilled PBS 3 times for 5 minutes and then blocked with 10% methanol and 3% hydrogen peroxide in PBS for 10 minutes. The sections were then incubated with 0.2% Triton X-100 in PBS 3 times for 10 minutes, followed by a 30-minute incubation of 0.75% glycine in PBS. They were then incubated for 60 minutes in a blocking solution of 20% normal goat serum (NGS) and 1% BSA in PBS. The sections were then incubated in a polyclonal rabbit anti-ER␣ primary antiserum (1:10 000, C1355; Upstate Biotechnology Inc, Lake Placid, New York) in 1% NGS in PBS for 2 nights at 4°C. After the incubation, the sections were washed 3 times for 10 minutes in PBS, and once for 10 minutes in Tris-buffered saline (TBS). This was followed by incubation with tetramethylrhodamine isothiocyanate (TRITC)-labeled goat antirabbit secondary antiserum at a concentration of 1:200 with 1% NGS in chilled TBS for 2 hours at room temperature and covered to avoid bleaching of the fluorescent labels (Jackson ImmunoResearch Laboratories, West Grove, Pennsylvania). Finally, the sections were washed 3 times for 5 minutes in TBS and once for 5 minutes in 0.1 M Tris buffer (pH 7.5) before mounting. The slides were dried on a slide warmer at 37°C and coverslipped with Aqua-Poly Mount (Polysciences, Warrington, Pennsylvania).
Analysis of ER␣-immunopositive cell counts
Images of ER␣ immunofluorescence labeling were captured using the Leica DM6000 epiluminescent microscope, Leica DFC 360FX monochrome digital camera, and Leica AF-LAS microscope software through a TRITC filter cube (Leica, Heidelberg, Germany). ER␣ TRITC labeling was visualized by imaging at a 649-nm emission filter and a 620-to 660-nm band pass filter. The captured images were imported to ImageJ software (National Institutes of Health, Bethesda, Maryland) for analysis and adjusted for brightness and contrast. A cell counter plug-in in ImageJ was used to count the number of cells in the ARH, amygdala, and ventromedial hypothalamus (VMHvl) that were ER␣ immunopositive in each of the 3 treatments. A mean from a minimum of 4 sections per area per animal was calculated and means for each steroid treatment were calculated. A 1-way ANOVA analyzed the effects of EB treatment on ER␣-positive cell number, followed by the Student-Newman-Keuls (SNK) post hoc analysis.
Experiments II and III
Tissue collection
Forty-eight hours after the third steroid treatment, the animals were deeply anesthetized with isoflurane and killed by decapitation. Brains were removed from the cranium and chilled in PBS at 4°C, and block dissections of the ARH, remaining HYP, and amygdala were performed ( Figure 1 ). The block dissections were rapidly frozen by placing them individually in a microcentrifuge tube and submerging the tube in a dry ice and ethanol bath and were stored at Ϫ80°C until processing for protein extraction and Western blot analysis (experiment II) or plasma membrane extraction and coimmunoprecipitation (experiment III).
Total protein extraction.
For Western blot analysis, the brain tissues were individually homogenized using a glass tissue grinder, and total protein was extracted (Kimble Chase, Vineland, New Jersey). The tissue lysates were stored in 2ϫ gelloading buffer [GLB; 0.5 M Tris, pH 6.8; 10% (wt/vol) sodium dodecyl sulfate (SDS), 20% glycerol] containing a 1:10 dilution of protease inhibitor cocktail (PIC; Sigma-Aldrich) and a 1:100 dilution of phenylmethanesulfonyl fluoride (PMSF; Sigma-Aldrich). Samples of the protein were obtained by centrifuging the tubes at 10 000 ϫ g for 5 minutes at 4°C and discarding the pellet; these samples were analyzed using the bicinchoninic acid assay (Thermo Pierce, Rockford, Illinois); the rest were stored at Ϫ80°C until processing. Total concentration of protein was determined using UV-visible spectrophotometry at a 562-nm wavelength (Bio-Rad Laboratories, Hercules, California).
Plasma membrane protein extraction. In preparation for plasma membrane analysis and coimmunoprecipitation, plasma membrane fractions were extracted from the ARH using the plasma membrane protein extraction kit (Abcam, Cambridge, Massachusetts). To obtain enough protein for analysis, 4 ARH samples were pooled for each analyzed sample. Briefly, ARH tissue were suspended in homogenization buffer containing PIC (1:500, supplied with the kit), homogenized with a glass tissue grinder, and centrifuged at 700 ϫ g for 10 minutes at 4°C (Kimble Chase). The pellet was discarded and the supernatant was centrifuged at 10 000 ϫ g for 30 minutes at 4°C. This step separated the cytosolic fraction from the membrane fraction. The pellet (containing the plasma membrane and organelle membrane fractions) was subject to extraction with various reagents (provided with the kit). After the final centrifugation, the purified plasma membrane fraction was resuspended in 100 L of 2ϫ GLB containing PIC (1:10) and PMSF (1:100). After the extractions were complete, the extracts were subjected to the bicinchoninic acid assay as described previously. Absence of mitochondrial contamination was confirmed using a succinate dehydrogenase assay, and absence of cytosolic contamination and presence of membrane were confirmed by Western blots against the cytosolic marker LIM (acronym of the 3 gene products Lin-11, Isl-1, and Mec-3) kinase-1 and the membrane marker flotilin-1, respectively.
Western blot. Twenty-micrograms samples of protein from the total protein extracts were thawed on a 95°C heat block for 5 minutes, combined with 5% ␤-mercaptoethanol and 45% 2ϫ Laemmli buffer, and run on a SDS-PAGE gel (4% stacking gel: 30% degassed acrylamide; 0.5 M Tris-HCl, pH 6.8; 10% (wt/ vol) SDS, containing ammonium persulfate and N,N,NЈ,NЈ-tetramethylethylenediamine; and 8% resolving gel: 30% degassed acrylamide; 1.5 M Tris-HCl, pH 8.8; 10% (wt/vol) SDS, containing ammonium persulfate and N,N,NЈ,NЈ-tetramethylethylenediamine) for 1 hour 20 minutes at room temperature in 1ϫ running buffer (tris, glycine, and SDS). The stacking gel was removed, and the resolving gel was placed in a transfer module (Bio-Rad Laboratories). To transfer the protein from the SDS-PAGE gel to nitrocellulose membranes, the transfer module was placed in transfer buffer (methanol, Tris, and glycine), and 100 V was passed across the module for 2 hours at 4°C. Successful transfer of protein to the membranes was confirmed using a removable Ponceau S staining solution on the membranes and a coomassie blue stain on the gels (Fisher Scientific, Fair lawn, New Jersey). The membranes were blocked with 10% nonfat milk overnight at 4°C on an orbital shaker (LabScientific Inc, Livingston, New Jersey). The next day, the membranes were incubated overnight at 4°C on an orbital shaker with affinity-purified rabbit anti-ER␣ (1:500 in 5% nonfat milk, MC-20; Santa Cruz Biotechnology, Santa Cruz, California), mouse anti-mGluR1a (1:500; BD Pharmingen, San Diego, California), mouse anti-␤-actin (1:20 000 in 5% nonfat milk; Sigma-Aldrich), rabbit Coimmunoprecipitation. One hundred-microgram samples of protein from the plasma membrane extraction were immunoprecipitated using Protein A/G Plus agarose beads (Santa Cruz Biotechnology). Briefly, the lysate was precleared by adding 1.0 g of normal rabbit serum with 20 L beads and incubated on a tube rotator at 4°C for 30 minutes (Thermo Scientific). The precleared lysate was then centrifuged at 1000 ϫ g for 5 minutes at 4°C, and the supernatant was transferred to a new tube containing 2 g mouse anti-mGluR1a primary antiserum (BD Pharmingen). After 1 hour incubation at 4°C on the tube rotator, 20 L beads was added to the tube and incubated at 4°C overnight on a rotator. The following day, the beads were washed 4 times with 1ϫ PBS, each time being centrifuged at 1000 ϫ g at 4°C. After the final wash, the beads were resuspended in 40 L 2ϫ GLB containing PIC (1:10) and PMSF (1:100). After resuspension, the beads were placed on a 95°C heat block for 5 minutes and then centrifuged at 1000 ϫ g for 5 minutes to elute the protein. This elution was run on a SDS-PAGE gel and blocked as described previously. The membrane was then incubated overnight at 4°C on the orbital shaker with affinity-purified rabbit anti-ER␣ primary antiserum (1:500 in 5% nonfat milk, MC-20; Santa Cruz Biotechnology) or mouse anti-mGluR1a primary antiserum (1:500; BD Pharmingen). For Western blot analysis of this experiment, a rabbit antimouse secondary antiserum (1:50 000; Sigma-Aldrich) or a conformation-specific mouse antirabbit secondary antiserum was used (Cell Signaling, Beverly, Massachusetts). The membrane was then developed as described previously.
Analysis. Densitometry of the Western blots was obtained with the Quantity One software (Bio-Rad Laboratories). The film was imaged using a Gel Doc XR charge-coupled device camera (BioRad Laboratories). For whole tissue and plasma membrane Western blot analysis, bands were normalized to ␤-actin and flotillin-1, respectively. For each of the experimental groups, a mean normalized intensity was calculated. Then the normalized intensities were divided by the mean normalized intensity. For the control animals, this resulted in a normalized average of 1.0, allowing for comparison of all of the experimental group means relative to 1.0. Relative changes in coimmunoprecipitation density for mER␣ levels were calculated by dividing the mER␣ levels by the mGluR1a levels within the same treatment group. These densities were then divided by the density of the oil group, allowing for relative comparisons of the treatment groups relative to 1.0.
Whole tissue and plasma membrane Western blots were analyzed by 1-way ANOVA with a significance threshold of P Ͻ .05 followed by SNK or Tukey's post hoc test. All statistical analyses were done using SigmaStat 3.5 (Systat Software, San Jose, California).
Results
Experiment I
Both 2 g and 50 g EB reduced ER␣-immunoreactive positive cells in the ARH
In all regions analyzed, ER␣-positive immunoreactivity was localized to the nucleus of the cell (Figure 2 ). Although we demonstrate in experiment III the presence of mER␣, our immunohistochemical analysis did not stain mER␣ (Figure 2 ). Forty-eight hours after the final injections, both the 2 g and 50 g EB doses decreased the number of ER␣-immunopositive cells in the ARH ( Figure 2F ); 1 way ANOVA df ϭ 2,14, F ϭ 15.744, P Ͻ .001; n ϭ 4 -6 animals per group; SNK post hoc test, P Ͻ .05), but neither dose had an effect on the number of ER␣-immunopositive neurons in the VMHvl or posterodorsal medial amygdala when compared with oil controls ( Figure 2F ( Table 1) ; VMHvl: 1 way ANOVA df ϭ 2,65, F ϭ 1.81, P ϭ .171; posterodorsal medial amygdala: 1 way ANOVA df ϭ 2,30, F ϭ 1.51, P ϭ .237).
Experiment II
The 50 g EB dose down-regulated total ER␣ protein levels in the ARH and HYP but not in the amygdala
To test whether 2 g or 50 g EB down-regulates total ER␣ protein levels, total protein was extracted from freshly collected block dissections of ARH, HYP, and amygdala tissue. In the ARH and HYP, 50 g EB downregulated total ER␣ protein levels compared with oiltreated rats (Figure 3 , A and B; ARH: 1 way ANOVA df ϭ 2,14, F ϭ 3.93, P ϭ .049; n ϭ 5 animals per group; HYP: 1 way ANOVA df ϭ 2,13, F ϭ 4.078, P ϭ .047; n ϭ 4 -5 animals per group; Tukey's post hoc test, P Ͻ .05). In both the ARH and HYP, the 2 g EB dose was intermediate between the oil-and 50 g EB-treated groups (Tukey's post hoc test, P Ͻ .05). Neither EB dose affected total ER␣ protein levels in the amygdala ( Figure 3C ; 1 way ANOVA df ϭ 2,14, F ϭ 0.10, P ϭ .908; n ϭ 5 animals per group).
Measuring both the number of ER␣-immunopositive cells and total ER␣ protein expression revealed a site-specific and dose-dependent estradiol regulation of ER␣. These results from experiments I and II suggest that although 2 g EB decreases the number of ER␣-immunopositive cells, the amount of ER␣ per cell is maintained or increased because total ER␣ protein remains elevated in the ARH after 48 hours. In contrast, 50 g EB decreased both the amount of ER␣-immunopositive cells as well as total protein levels, indicating an overall down-regulation of ER␣. Because the 2 g EB dose appeared to increase the amount of ER␣ expressed per cell, whereas the 50 g EB dose down-regulated ER␣ levels, we tested whether the estradiol dose regulated mER␣-mGluR1a levels in experiment III.
Experiment III
The 50 g EB dose down-regulated plasma membrane ER␣ protein levels in the ARH
To determine whether the dose-dependent regulation of ER␣ occurs in a manner important for plasma membrane signaling, plasma membrane fractions were extracted from ARH tissue. Absence of cytosolic contamination and presence of membrane fractions were confirmed using Western blots against the cytosolic marker LIM kinase-1 and the membrane marker flotillin-1, respectively ( Figure 4A ). Absence of mitochondrial contamination was confirmed using a succinate dehydrogenase assay (data not shown). Plasma membrane ER␣ protein levels in the 2 g EB group were significantly higher than the oil and 50 g EB groups ( Figure 4C ; df ϭ 2,9, F ϭ 13.00, P ϭ .004; n ϭ 3-4 pools of 8 animals per group; SNK post hoc test, P Ͻ .01). However, the 50 g EB group was not significantly different from the oil group (SNK, oil vs 50 g EB, P ϭ .516). In contrast, Western blot analysis revealed no estradiol regulation of plasma membrane mGluR1a protein levels (Figure 4D ; 1 way ANOVA df ϭ 2,13, F ϭ 0.111, P ϭ .896; n ϭ 4 -5 pools of 8 animals per group).
The 2 g EB dose increased ARH mER␣-mGluR1a complexes, whereas 50 g EB down-regulated these complexes
Previous in vitro studies have shown that mER␣ complexes with and signals through mGluR1a to modulate sexual receptivity (7) . To determine whether levels of mER␣-mGluR1a complexes in vivo are regulated by estradiol in a behaviorally relevant manner, coimmunoprecipitation was done on plasma membrane extracts from ARH tissue. The mGluR1a was immunoprecipitated from ARH plasma membrane extracts, which were then probed by Western blot for ER␣ and mGluR1a in series, and ER␣ level was relatively compared with mGluR1a density (Figure 5) . The mER␣-mGluR1a complex levels were regulated by estradiol dose. Both oil-and 50 g EB-treated animals had low levels of mER␣-mGluR1a complexes. The 2 g EB treatment group had a 1.5-fold increase in the amount of mER␣-mGluR1a complexes compared with both other treatment groups ( Figure 5 ).
Discussion
The present study demonstrates that estradiol differentially regulates the expression, trafficking, and complex- ing of ER␣ to mGluR1a, providing potential mechanisms for regulation of multiple ER␣ signaling pathways. Furthermore, estradiol regulates mER␣ and mER␣-mGluR1a levels in the ARH to regulate membrane estrogenic signaling in a dose-dependent and behaviorally relevant manner. In vitro, mER␣ levels are rapidly regulated by estradiol (23, 25) . However, the present experiments demonstrate that estradiol dosage regulates in vivo levels of ARH mER␣ and mER␣-mGluR1a complexes important for estradiol regulation of the ARH-MPN lordosis inhibitory circuit 48 hours after treatment, a time point that is associated with the facilitation of sexual receptivity. Initially, both the low priming dose (2 g) and higher doses (5-50 g) of EB rapidly activate mER␣-mGluR1a complexes in the ARH to induce ␤-endorphin release, activate MPN MOP, and inhibit lordosis (3, 7, 19, 20) . Our present results indicate that the continuous MPN MOP activation for 48 hours by 2 g EB is through the up-regulation and maintenance of mER␣-mGluR1a complexes in the ARH, which inhibits lordosis. In contrast, MPN MOP are deactivated at 48 hours by 5-50 g EB, facilitating lordosis (2, 7, 20) . The present mER␣ experiments reveal a downregulation of ARH mER␣ and mER␣-mGluR1a complexes 48 hours after 50 g EB treatment compared with the 2 g EB dose (Figures 4 and 5 ). This mER␣ downregulation may reduce estradiol excitatory signaling to ␤-endorphin neurons that project to the MPN (3, 7, 20, 26) . Previous studies indicate that regulation of mER␣ signaling may modulate the rapid sustained activation and the delayed inactivation of the ARH-MPN lordosis-inhibitory circuit (3, 20) . Our present data provide evidence that these actions are regulated by mER␣-mGluR1a signaling that is modulated by estradiol dose. Others have shown estradiol regulation of ER␣ using individual markers of expression (eg, in situ hybridization, immunocytochemistry, autoradiography; 21, 22, [27] [28] [29] [30] [31] [32] . Our immunohistochemical results demonstrate that nuclear ER␣ is down-regulated by both doses of EB. ER␣ immunohistochemistry studies report and quantify ER␣ staining that is localized to the nucleus with little or no cytosolic or membrane staining [(33, 34) and Figure 2] . Thus, the increased trafficking of ER␣ to the membrane by 2 g EB may reduce the levels of nuclear ER␣ below levels of detection by immunohistochemistry but still detected by Western blot. However, measuring ARH ER␣ immunopositive cell number, total ER␣, mER␣, and mER␣-mGluR1a complexes allows for greater insight into regulation of ER␣ expression and trafficking that controls the multiple ER␣ signaling mechanisms within neurons. Measuring total ER␣ in similarly treated animals revealed potential changes in ER␣ trafficking that is not revealed with immunohistochemistry alone. For example, although 48 hours after 2 g EB the number of ARH ER␣-immunopositive neurons are decreased, total ER␣ was not changed, suggesting the amount of ER␣ per cell is maintained or increased. This is supported by the increased levels of mER␣ and mER␣-mGluR1a complexes. Furthermore, although both the 2 g and 50 g EB doses downregulate nuclear ER␣ immunostaining, this priming dose of 2 g EB increased the levels of mER␣-mGluR1a com- Figure 3 . Estradiol dose-dependent regulation of total ER␣ protein levels in the ARH, HYP, and amygdala. A-C, Western blot analysis and graphical representation of total ER␣ protein levels in the ARH (A), remaining HYP (B), and whole amygdala (C). Total protein was extracted from the ARH, remaining HYP, and amygdala, and 20 g was run on a SDS-PAGE gel and probed for ER␣ and normalized to ␤-actin. In both the ARH and remaining HYP, 50 g EB down-regulated total ER␣ protein levels compared with oil-treated animals, whereas the 2 g EB dose had intermediate total ER␣ protein levels between the oil and 50 g EB groups. There was no effect of EB treatment on ER␣ total protein levels in the amygdala. Treatments with different letters indicate significant differences in ER␣ protein levels (Tukey's post hoc analysis, P Ͻ .05).
pared with the 50 g EB-treated rats and Oil-treated controls. Thus, mER␣-mGluR1a signaling is up-regulated and maintained 48 hours after estradiol priming in a subset of ARH neurons that may allow for the continued excitation/activation of the ␤-endorphin neurons projecting to the MPN to maintain the inhibition of lordosis.
In contrast, 48 hours after treating with 50 g EB, all measures of ARH ER␣ were reduced. This included the number of ER␣ immunopositive cells, total mER␣, and mER␣-mGluR1a complexes. Thus, the 50 g EB dose at 48 hours may be acting through 2 mechanisms that reduce the activity of the ␤-endorphin neuron to facilitate lordosis: 1) removing excitatory input to the ␤-endorphin neuron through reduction in mER␣-mGluR1a signaling on the plasma membrane, and 2) increasing inhibitory input through release of orphanin FQ (also known as nociceptin) to activate opioid receptor-like receptor-1 that signals through G protein-coupled inward-rectifying potassium channels to inhibit ␤-endorphin output and deactivate MPN MOP (2, 35, 36) .
In vitro, estradiol rapidly increases ER␣ trafficking to the plasma membrane, internalization from the membrane, and recycling back to the plasma membrane (25, 37) . The present results indicate that the dose of estradiol regulates both the trafficking of ER␣ to the plasma membrane and the formation of mER␣-mGluR1a complexes in the ARH 48 hours after treatment. The 2 g EB dose increased these complexes compared with the oil-treated animals. In contrast, 48 hours after 50 g EB, mER␣ levels were reduced compared with 2 g EB and were similar to levels in the oiltreated group. Furthermore, the dose of estradiol also appears to induce and regulate the formation of mER␣-mGluR1a complexes in the ARH. mER␣ was present in oil-treated animals, and the coimmunoprecipitation experiment revealed a basal level of mER␣-mGluR1a. The priming 2 g EB dose increased the levels of mER␣-mGluR1a complexes 1.5-fold compared with oil-treated animals. mER␣-mGluR1a levels in the 50 g EB group were equivalent to oil-treated animals. Because both EB doses initially activate MPN MOP (7, 20) , it is likely that both EB doses initiate the trafficking of ER␣ to the membrane.
The exact signal to increase mER␣ levels is unclear. Simply overexpressing ER (ER␣ or ER␤) in Chinese hamster ovary cells increases mER levels, indicating that ER intracellular levels may regulate ER trafficking to the plasma membrane (38) . Additionally, estradiol rapidly increases the ER␣ trafficking, internalization, and recycling to the plasma membrane (25, 37) . Thus, mER␣ trafficking mechanisms appear to be regulated in part by ER expression levels and exposure to estradiol.
The site-specific trafficking of ER␣ to the membrane and interaction with particular mGluRs is dependent on FLOT-1) . Western blot analysis (B) and graphical representation of plasma membrane ER␣ (panel C) and mGluR1a (panel D) in the ARH. Plasma membrane fractions were obtained from ARH tissue, and 20 g was loaded onto a SDS-PAGE gel and probed for ER␣ and mGluR1a. Levels were normalized to flotillin-1. Forty-eight hours after treatment, the 2 g EB group upregulated membrane ER␣ protein levels relative to the oil group, whereas the 50 g EB appears to have down-regulated plasma membrane ER␣ protein levels relative to the 2 g EB group by 48 hours after treatment. There was no effect of EB treatment on mGluR1a plasma membrane levels in the ARH. *, Significantly greater than oil and 50 g EB. doi: 10.1210/en.2013-1235 endo.endojournals.orgspecific caveolin proteins (39) . Caveolae communicate with the cell surface and are important for vesicular transport and clustering of intracellular signaling proteins (40, 41) . These caveolae form pits in the membrane that represent either exocytotic vesicular fusion delivering ER␣ to the membrane or endocytotic vesicular fusion that internalizes and removes ER␣ from the membrane (42) (43) (44) (45) . Caveolin-1 (CAV-1) is associated with mER␣ trafficking and association with mGluR1a in the hypothalamus (8, 39, 46 -48) . Knockdown of CAV-1 using small interfering RNA reduces mER␣ levels (8, 39) . Furthermore, removal of CAV-1 expression in the ARH in vivo blocks the estradiol signaling that activates MPN MOP and facilitates lordosis (8) . This removal of CAV-1 in vivo had similar effects to blocking mGluR1a activation at the time of high estradiol treatment: blocking estradiol induced MPN MOP activation and facilitation of lordosis (7). These CAV-1-ER␣ interactions are palmitoylation dependent. Palmitoylation of ER␣ in the nucleus allows it to be associated with CAV-1 and trafficked to the plasma membrane. In contrast, the 50 g EB dose may induce the depalmitoylation of mER␣ and the dissociation of mER␣ from CAV-1 to down-regulate mER␣ at 48 hours (8, 39, 46 -48) . Our data suggest that both EB doses initially increase the activity of these trafficking mechanisms to permit mER␣-mGluR1a signaling. The maintenance of mER␣-mGluR1a levels appears dependent on estradiol dose. The 2 g dose appears to maintain ER␣ trafficking to the membrane, whereas the 50 g dose has a delayed down-regulation of mER␣ at 48 hours. The estradiol regulation of ER␣ trafficking to and from the membrane has been shown in vitro using biotinylation studies (25) . Initially, ER␣ is rapidly and transiently trafficked to the cell surface 30 minutes after estradiol exposure. At this time point, however, biotinylated ER␣ was also observed in the cytoplasm. This is consistent with the idea that mER␣-mGluR1a complexes are internalized into early endosomes characteristic of activated G protein-coupled receptors. These receptors can be either recycled back to the membrane or targeted for degradation (25, 37) .
Our in vivo data support in vitro findings that estradiol increases mER␣ and does not alter membrane mGluR1a levels (25) . However, in vitro mER␣ are rapidly removed from the membrane, whereas our results in vivo indicate that these mER␣-mGluR1a complexes are up-regulated and maintained by the priming dose of estradiol. The maintenance of mER␣-mGluR1a in vivo is likely occurring through recycling and palmitoylation-initiated mechanisms compared with the rapid internalization and reduction in vitro (23, 25, 37) . The high dose of EB likely recycles mER␣ for at least 24 hours because MPN MOP activation is maintained during this period. However, by 48 hours the trafficking of ER␣ to the membrane is reduced and mER␣-mGluR1a signaling is reduced as indicated by MPN MOP deactivation (2, 20) . Although the mechanism is unclear, the estradiol dose and exposure is measured to regulate the expression and trafficking of ER␣. One way that estradiol dose and duration appears to be measured is through ARH mER␣-mGluR1a signaling. Antagonizing mGluR1a prior to a high dose of estradiol treatment blocked the facilitation of lordosis when compared with rats that received estradiol only (7) .
Conversely, concurrent infusion with a mGluR1a agonist with estradiol priming facilitated lordosis as if the animals were treated with a high dose of estradiol (7) . It is possible that mER␣-mGluR1a interact with other intracellular/genomic mechanisms to measure estradiol dose and duration to modulate ER␣ expression and trafficking. In the intact rat, the ability to measure circulating levels and time of exposure may be localized within multiple neural pathways to regulate sexual receptivity associated with her reproductive life history. For example, during early menopause, circulating estradiol levels are elevated and remain elevated, exposing the brain to levels of estradiol that are mimicked by 50 g EB (49) . At this point, she is continuously sexually receptive and has become a reflex ovulator, in which copulation with a male induces the LH surge and ovulation (50) . In the rat with regular estrous cycles, ovulation is spontaneous. However, the circulating estradiol levels, which are mimicked by the 2 g EB dose, are not adequate to facilitate sexual receptivity without progesterone from the ovary (51) . Thus, estradiol regulation of ARH mER␣-mGluR1a levels may be part of the mechanism that regulates and coordinates her sexual receptivity with the state of her reproductive cycle.
The present study demonstrates that mER␣ and mER␣-mGluR1a levels in the ARH are regulated in a dose-dependent manner by estradiol that could regulate estradiol Figure 5 . Estradiol regulation of mER␣-mGluR1a complexes on the plasma membrane in the ARH. Plasma membrane fractions were extracted from ARH tissue, and 100 g was immunoprecipitated with mGluR1a (IP) and probed for ER␣ and mGluR1a (IB). Because plasma membrane mGluR1a protein levels were not affected by EB treatment, the amount of ER␣ that coimmunoprecipitated with mGluR1a was compared in a relative manner across the treatment groups. Oiltreated animals had low basal mER␣-mGluR1a complexes, whereas 2 g EB induced a 1.5-fold increase in mER␣-mGluR1a complexes on the plasma membrane in the ARH. The 50 g EB group had mER␣-mGluR1a complex levels that were equivalent to the oil group.
signaling important for modulating activity of neurocircuits. This regulation of membrane initiated estradiol signaling may affect the activity of reproductive and energy balance neurocircuits across the estrous cycle (reviewed in Reference 35) . In the ARH-MPN lordosis-inhibitory model circuit, priming levels of estradiol up-regulate mER␣-mGluR1a levels, allowing for the maintenance of MPN MOP activation and inhibition of lordosis to prevent copulation. In contrast, higher doses of estradiol that facilitate lordosis reduce mER␣-mGluR1a signaling and remove excitatory input to the ␤-endorphin neurons to alleviate inhibition of behavior through MPN MOP.
